Introduction {#Sec1}
============

Osteosarcoma is the most frequent primary malignant bone tumour, and its incidence is higher in children and adolescents, for whom it represents more than 10% of solid cancers \[[@CR1]\]. Currently, the standard treatment of this malignancy consists in preoperative (neo-adjuvant) chemotherapy followed by surgical removal of all detectable disease (including metastases, that are yet present in 80% of patients at diagnosis), and postoperative (adjuvant) chemotherapy \[[@CR2]\]. The standard route of neo adjuvant chemotherapy, surgery and adjuvant chemotherapy is effective in approximately 70% of the patients with localized disease, but for patients with metastases, the long term survival rate is lower than 20% \[[@CR3]\]. Neo-adjuvant chemotherapy allows surgery to achieve wide or radical margins while adjuvant chemotherapy is essential to control micro-metastases (responsible for distant metastases and local recurrences) \[[@CR4], [@CR5]\]. In the last decades, the objective of avoiding limb amputation and preserving the functional and cosmetic status of patients without decreasing the survival rate has gained importance, leading to surgical techniques named limb-salvage, nowadays performed in 80% of the patients \[[@CR6]\].

Osteosarcoma has been generally considered as a radio-resistant tumour, however it has been suggested that a large single fraction dose of radiotherapy may be effective. Radiotherapy has been used in small series of patients, and has been reported as an option for local treatment of unresectable tumours, or as palliation. Given the difficulty to deliver high photon doses in single fraction due to the tolerance of surrounding tissues, patients have been recently treated with charged particles (protons and carbon ions), that allow a very conformal dose distribution. Some other patients have received intraoperative radiotherapy and even extracorporeal irradiation \[[@CR7]--[@CR9]\].

Boron Neutron Capture Therapy (BNCT) is an experimental form of radiotherapy based on the irradiation of a tumour with low energy neutrons after the target enrichment with atoms of 10-boron (^10^B) \[[@CR10]\]. Low energy neutrons are captured by ^10^B with high probability, generating two high-Linear Energy Transfer (LET), short range particles that release all their energy in a distance comparable to a cell diameter (Fig. [1b](#Fig1){ref-type="fig"}). In this path, the charged particles cause non reparable damages to the DNA, thus killing the cell. If ^10^B is taken up preferentially in the tumour, the neutron irradiation can deliver a therapeutic dose, without affecting the surrounding healthy tissues. The most interesting characteristic of this treatment is its selectivity, that depends on the bio-distribution of ^10^B, rather than on the irradiation beam. Potentially, it can be effective also for disseminated metastases or for isolated tumour cells surrounded by normal tissues. The drug currently used in clinical practice to carry ^10^B into tumour is Boronophenylalanine (BPA) \[[@CR11]\].Fig. 1**a** Sketch of the neutron beam production by accelerator: protons interact in the target via (p,n) reaction on beryllium, neutrons are moderated and collimated in the Beam Shaping Assembly (BSA). **b** scheme of charge particle production by thermal neutron capture in ^10^B

Up to now BNCT has been applied in many centres in the world provided with research nuclear reactors, the only neutron source intense enough to produce neutron beams for the therapy, and clinical trials have been dedicated to brain tumours, head and neck recurrent and primary tumours, skin melanoma, lung cancer \[[@CR10], [@CR12], [@CR13]\]. Today, technology is ready to produce neutron beams from high-current proton accelerators coupled with Li or Be targets, and the possibility to install these machines in hospitals makes BNCT a more widespread option. Two BNCT clinical facilities based on accelerators technology are already operating at Kyoto University Research Reactor Institute (KURRI) and at Southern Tohoku BNCT Research Centre in Japan \[[@CR14]\].

Italian National Institute of Nuclear Physics (INFN) designed and constructed a Radio Frequency Quadrupole (RFQ) proton accelerator, meant to be used as a neutron source for BNCT clinical applications \[[@CR15]\]. The RFQ delivers 30 mA of 5 MeV protons. It is coupled to a beryllium target, and has a neutron yield of about 10^14^ s^−1^ with maximum energy around 3.2 MeV. A Beam Shaping Assembly (BSA) is being designed in order to obtain an epithermal neutron beam peaked between 1 and 10 keV, energy range that was proven to be the most indicated for an advantageous dose distribution for deep-seated tumours like lung cancer \[[@CR16]\]. The BSA design is based on the physical properties of the beam and it is optimized according to the dose distributions obtained in realistic clinical cases by treatment planning simulations (Fig. [1a](#Fig1){ref-type="fig"}).

Dosimetry in particle therapy requires the use of a formalism to express the dose in terms of photon conventional radiotherapy.

BNCT is characterized by a mixed radiation field composed by: high LET alpha and lithium ions from thermal neutron capture by ^10^B, intermediate LET protons from thermal neutron capture by ^14^N and neutron elastic collision with H nuclei, and low LET gamma-ray from the thermal neutron capture reaction by H and the gamma radiation in the irradiation beam. The energy released by the high and intermediate LET particles causes a higher severity of biological damage than photons.

Classically, BNCT dose has been reported as *equivalent dose* (in Gy-Eq), obtained by multiplying each dose component by Biological Effectiveness/Compound Biological Effectiveness (RBE/CBE) factors derived from cell survival curves, for a fixed end point \[[@CR17]\]. González and Santa Cruz \[[@CR18]\] showed that BNCT outcome as a function of the dose delivered to melanoma nodules, is hardly comparable with photon therapy clinical outcome, the RBE-weighted doses being artificially high. Their new approach of *photon iso-effective dose* (in Gy (IsoE)) has demonstrated to be more coherent in terms of dose-response outcome. In this work, both the fixed weighting factors and the iso-effective dose have been applied to calculate dose distribution in a representative case of parosteal osteosarcoma of the distal femur.

BNCT has been clinically applied for the first time in Japan in two cases: a recurrent maxilliary sarcoma (fibroblastic osteosarcoma) \[[@CR19]\] and a skull radio-induced osteosarcoma \[[@CR20]\]. The latter treatment ensured a stable local control of the tumour that did not show any recurrence for 17 months, and the overall status of the patient markedly improved already few days after the treatment. This clinical case was used as a reference for the dosimetry calculations in the representative case of parosteal osteosarcoma of the distal femur, and to draw conclusions about the feasibility of this therapeutic approach.

Materials and methods {#Sec2}
=====================

Osteosarcoma cell survival {#Sec3}
--------------------------

The survival of UMR-106 rat osteosarcoma cell line was determined as a function of the dose, for three cases: neutron irradiation after BPA treatment (BPA-BNCT), neutron irradiation alone (beam-only) and photon irradiation. The experimental points were fitted using a modified linear quadratic model, that provided both CBE/RBE factors for osteosarcoma, and the parameters for the iso-effective dose calculation. The assessment of cell survival as a function of the dose has been previously reported \[[@CR21]\]. Neutron irradiations took place in the Thermal Column of the TRIGA reactor, University of Pavia, and photon irradiation (Co-60 source) at the S. Matteo Polyclinic Foundation in Pavia. Boron concentration in cells was measured for each experiment in samples treated the same day and undergoing the same procedure as the ones irradiated for survival assessment. Boron naturally present in cells was also measured and included in the dose calculation for the beam-only component. All measurements were carried out by neutron autoradiography \[[@CR22]\].

The radiation dose absorbed by cells has been calculated with MCNP6 \[[@CR23]\], without approximation of charged particles equilibrium. T-75 flasks with adherent cells (described as a uniform layer of soft tissue) and 20 ml of culture medium were simulated in the irradiation position. Gamma from background and gamma generated by (n,gamma) reactions in H were transported in a gamma-electron coupled mode, and the dose due to energy deposition of electrons was calculated in the cell layer. Alpha particles, lithium ions and protons due to neutron capture in ^10^B and in ^14^N were generated uniformly in the cell layer and transported. The results were normalized by the rate of capture reactions calculated in a previous simulation of the whole reactor with the flasks in the irradiation position.

Boron concentration in tissues {#Sec4}
------------------------------

Boron concentration in tumour and muscle to be used in the treatment planning comes from preliminary measurements performed with a rat model of osteosarcoma \[[@CR24]\] treated with BPA, 300 mg/Kg b.w. The pilot study consisted in animals treated with both intra-peritoneal and direct BPA injection in the limb. However, the latter administration route was proven less efficient in enriching tumour with respect to normal tissues, thus the results reported in this work correspond to intra-peritoneal injection.

The protocol involving animal model was approved by the Ethical Committee for animal experiments, Department of Internal Medicine and Medical Therapy, University of Pavia (reference nr 1/2012).

Measurements were carried out by alpha spectrometry \[[@CR25]\] and quantitative neutron autoradiography \[[@CR22]\] and imaging of ^10^B distribution in this tissue sections was obtained by neutron autoradiography \[[@CR26]\]. A concentration equal to the one of normal muscle was assumed in healthy bone, based on preliminary results of bio-distribution studies carried out in sheep treated with the same dose of BPA in Argentina \[[@CR27]\]. Concentration in skin was set 1.5 times the concentration in healthy muscle as assumed in the clinical trials of melanoma \[[@CR12], [@CR28]\].

Treatment planning simulations {#Sec5}
------------------------------

The clinical case analysed in this work is a male patient, 17 years old, showing a parosteal osteosarcoma arising from the posterior aspect of the distal metaphysis of the femur and extending to the popliteal fossa (tumour volume about 50 cm^3^). On the MRI imaging (Fig. [1](#Fig1){ref-type="fig"}) the mass was quite well-delimited and the appearance of the new-formed tissue had both blastic and lytic features.

The medical images have been used as an input for NCTPlan \[[@CR29]\], to create a voxelized model of the limb in MCNP syntax. The most efficient irradiation configuration consisted in two parallel opposing fields (Fig. [2](#Fig2){ref-type="fig"}). The dosimetry of the tumour and the surrounding tissues has been then assessed with the 12 cm diameter accelerator beam. The beam design used in this work is the result of the first optimization of the BSA to produce a suitable dose distribution in tumour and in normal surrounding tissues.Fig. 2MRI image of the osteosarcoma tested with the selected beam configuration

The prescription was to deliver a maximum dose to the skin to 22 Gy-Eq, calculated with the traditional formalism of fixed RBE and CBE factors obtained by UMR-106 cell survival curves.

In the photon equivalent dose formalism, the biological weighting factors are taken at fixed end-points, such as 1% of survival in in-vitro experiments. Iso-effective dose model exploits the entire curve of cell survival as a function of the dose instead of fixing an arbitrary end-point to calculate RBE/CBE. The survival curves are used to find the dose that equals the Tumour Control Probability (TCP) obtained with BNCT and with photon therapy. In this way, it is possible to generate values of iso-effective dose, that is *the photon dose that produces the same cell survival level as the combination of the different BNCT dose components*. The parameters to calculate photon iso-effective dose were calculated from the UMR-106 cell survival curves and used in the Sphere software developed in CNEA \[[@CR30]\].

To understand whether the dosimetry obtained was potentially therapeutic, the simulated treatment was compared with a case of osteosarcoma treated by BNCT at KURRI in Japan \[[@CR20]\]. The patient was a 54-year-old Japanese female with recurrent radiation-induced osteosarcoma of the skull (tumour volume 169 cm^3^). The tumour was very aggressive, with subcutaneous and epidural extension and it was inoperable and radioresistant. After BNCT the subcutaneous-epidural tumour reduced with no adverse effect and the general conditions of the patient improved very rapidly. The dosimetry of this case was taken as a reference to evaluate the performance of the RFQ beam on the analysed clinical case. The minimum-maximum and median tumour dose values were re-calculated both using RBE/CBE factors obtained in Pavia and also with iso-effective dose formalism.

Results {#Sec6}
=======

Osteosarcoma cell survival {#Sec7}
--------------------------

Figure [3](#Fig3){ref-type="fig"} depicts the UMR-106 cell survival data along with the fit for the photon reference radiation, the neutron beam-only component (without presence of boron) and the neutron beam with boron. Reported experimental values account for data published in previous studies \[[@CR21]\], and for new experiments carried out in this work. The uncertainty of the dose values in the beam-only curve is dominated by the error of the boron concentration measured, in the order of 1 ppm, close to the sensitivity limit of the measurement technique.Fig. 3Rat osteosarcoma UMR-106 cell survival curves as a function of the absorbed dose. Experimental values correspond to data published in \[[@CR21]\], and the new measurements carried out in this work

The fit was obtained by models described in \[[@CR18]\], that take into account first order lesion repair by means of the Lea-Catcheside time factor, assuming that the repair kinetics follows a bi-exponential decline with fast and slow characteristic repair times \[[@CR31], [@CR32]\] and synergism between different radiation components. See [Appendix](#Sec13){ref-type="sec"} for the details. The fit for the reference radiation provides α~Ref~ and β~Ref~ listed in Table [1](#Tab1){ref-type="table"}. Note that α~Ref~/β~Ref~ is about two, that is low compared with usual values used for tumour, but in agreement with α/β ratios reported in literature for sarcomas \[[@CR33]\]. In addition, the fit for the beam-only and for the BNCT was calculated simultaneously for the two curves as explained in \[[@CR18]\], resulting in a set of parameters (α~n~, β~n~, α~B~) listed in Table [1](#Tab1){ref-type="table"}, together with the 95% confidence interval (95% CI). As a first attempt, a 4 parameter model was used to fit the curves. The results showed that the parameter β~B~ for the boron component was virtually zero, indicating that the quadratic term of the boron component can be neglected, thus reducing the number of free parameters to 3. The fit of the gamma component led to the parameters α~Ref~, β~Ref~ for the reference radiation component. These parameters were used for the iso-effective dose calculation.Table 1Radiobiological parameters of the cell survival curves of Fig. [3](#Fig3){ref-type="fig"} (modified linear quadratic model). Ref denotes photon component, n neutrons component and B boron componentParameterValue \[95% CI\]***α*** ~***Ref***~ \[Gy^**−**1^\]0.120 \[−0.003 -- 0.243\]***β*** ~***Ref***~ \[Gy^**−**2^\]0.05 \[0.03 -- 0.08\]***α*** ~***n***~ \[Gy^**−**1^\]0.62 \[0.28 -- 0.95\]***β*** ~***n***~ \[Gy^**−**2^\]0.16 \[0.04 -- 0.37\]***α*** ~***B***~ \[Gy^**−**1^\]3.0 \[2.4 -- 3.6\]

Dose-survival curves that result considering protons only (beam-only without gamma component) and boron reaction only (BPA-BNCT without the contribution of protons and gamma) are also depicted in Fig. [3](#Fig3){ref-type="fig"}. These curves are used to compute RBE and CBE factors for 1% cell survival. Results are listed in Table [2](#Tab2){ref-type="table"}, together with the assumed values for the skin, taken from in vivo radiobiological experiments \[[@CR28], [@CR34]\].Table 2One percent survival RBE and CBE values used for equivalent dose calculation. Skin values are taken from literature \[[@CR28], [@CR34]\], osteosarcoma ones from UMR-106 in vitro experimentsRBE (protons)RBE (photons)CBESkin2.512.5Osteosarcoma2.2 ± 0.5^a^15.3 ± 1.5^aa^ Error taking into account 95% CI of the dose values at 0.01 survival level for the three components

Boron concentrations in tissues {#Sec8}
-------------------------------

Measurements and imaging by neutron autoradiography showed that ^10^B is more concentrated in the tumour than in the healthy surrounding tissues, especially in those cases where the animal model developed tumour volumes with clear presence of viable cells. The analysis of the healthy muscle was more straightforward because boron distribution was more uniform, as expected. The average boron concentration in healthy muscle measured in 7 rats is 15.4 ppm with a standard deviation of 4.0 ppm, thus 15 ppm was taken as the reference for normal tissues in the dosimetry calculations. In tumour, the analysis was more complex, due to the non-homogeneous nature of tissue and the consequent variability of boron concentration values. As an example, the selectivity of BPA uptake in the tumour area is shown in Fig. [4](#Fig4){ref-type="fig"} where a neutron autoradiography image (a) is compared with a histological preparation of a contiguous tissue section (b). Darker areas correspond to the most vital part of the tumour. Figure [4c](#Fig4){ref-type="fig"} is the quantitative map of boron distribution in part of the sample, where colours represent concentration in ppm. The high non-uniformity of boron distribution in tumour is evident. However, the most viable parts of tumour uptake boron up to concentration of about 75 ppm. This kind of analysis was performed in three rats showing vital tumour, and selecting the areas where the osteosarcoma was not necrotic nor characterized by haemorrhage, the average value found was 64 +/−18 ppm. These results, although not constituting a complete boron bio-distribution study in osteosarcoma and despite the unevenness of concentration measured in the tumour area due to the heterogeneity of tissues, nevertheless show that it is possible to obtain a boron concentration ratio comparable to 3.5, obtained in clinical BNCT and in other animal studies \[[@CR19], [@CR20]\]. Basing on these results, we chose a representative value in tumour of 60 ppm for the treatment planning simulations.Fig. 4**a** qualitative neutron autoradiography of a section taken from a tumour biopsy (rat 1). **b** histological preparation of a subsequent section showing that the tumour is confined in the left part. **c** map of boron distribution obtained by quantitative neutron autoradiography in a third section. Higher boron concentration is clearly in the left part, where the tumour is. However, boron concentration is not uniform, due to the fact that tumour tissue is non homogeneous

Table [3](#Tab3){ref-type="table"} reports the boron concentrations used for dose calculations in the present work.Table 3Boron concentrations used in dose calculationTissue typeOsteosarcoma60 ppmHealthy muscle/bone15 ppmSkin22.5 ppm

Some published experimental data on BPA uptake in other sarcomas may be compared with our results. In particular, works on human clear cell sarcoma (CSS) implanted in nude mice demonstrated that there is a selective uptake of boron and that irradiation causes the selective destroy of the tumour with no side effects in the other tissues \[[@CR35], [@CR36]\]. Authors measured a tumour-to-skin concentration ratio of about 4.5 at 1 h after BPA administration. This value is higher than what normally assumed for tumours that are currently treated in clinical trials such as glioblastoma, head and neck cancers and melanoma, for which the ratio commonly employed for dose calculation is 3.5, and compatible to our findings (tumour-to-muscle concentration ratio equal to 4, tumour-to-skin concentration ratio assumed equal to 2.7).

RBE-weighted dose VS photon iso-effective dose {#Sec9}
----------------------------------------------

Figure [5](#Fig5){ref-type="fig"} shows the difference between RBE-weighted dose and photon iso-effective dose as a function of absorbed dose, using the RBE/CBE factors, the survival parameters and boron concentrations obtained from the in-vitro and in-vivo experiments. The proportion of the components of the total absorbed dose used for the calculations are the ones of the accelerator beam at the tumour position. For low absorbed doses (i.e., lower than 3 Gy) the RBE-weighted and the iso-effective doses are almost equal. However, for absorbed doses typically delivered to tumour, the difference is significant: at 10 Gy, the RBE-weighted dose is nearly 40 Gy-Eq, while iso-effective dose is around 20 Gy (IsoE).Fig. 5RBE/CBE-weighted dose (*dashed line*) compared to iso-effective dose (*solid line*) as a function of absorbed dose, using RBE factors and model parameters derived from experimental UMR-106 survival curves

Treatment planning simulations {#Sec10}
------------------------------

The results of the treatment planning simulations with the RFQ beam based on the RBE and iso-effective formalism are shown in Fig. [6](#Fig6){ref-type="fig"}. The prescription to deliver a maximum dose to the skin equal to 22 Gy-Eq led to a treatment time of 47 min (23.5 min per beam).Fig. 6Dose Volume Histograms for skin and tumour calculated with RBE and iso-effective formalisms

The picture shows the cumulative Dose Volume Histograms (DVH) for skin and tumour. For skin, only one DVH is shown because the iso-effective parameters for healthy tissues are not available yet. Then, the same treatment time was used to calculate the two DVH for tumour. If the iso-effective model together with the UMR-106 survival parameters was assumed valid for skin, the iso-effective dose would be 20% lower than the prescription RBE-weighted dose. Thus, the choice of 47 min as a treatment time also for iso-effective dose calculation is conservative in this case. The two DVH for tumour show a good level of uniformity for a BNCT treatment, proving that two parallel opposing neutron beams from the RFQ accelerator would ensure a good tumour dose coverage.

Table [4](#Tab4){ref-type="table"} reports the minimum, maximum and mean tumour dose for the two formalisms. As expected, the iso-effective doses are almost half the RBE-weighted values.

Figure [7](#Fig7){ref-type="fig"} shows the tumour dose profile in Japanese patient along the central axis of the neutron field. The three plotted dose curves are calculated with the RBE/CBE factors reported in Table [2](#Tab2){ref-type="table"}, the original RBE/CBE factors used in KURRI (i.e., 3.0 for neutrons, 3.8 for boron, 1.0 for photons), and the iso-effective parameters listed in Table [1](#Tab1){ref-type="table"}.Fig. 7Profile of the tumour dose in the patient along the neutron beam central axis: RBE-weighted dose with UMR-106 factors (Table [2](#Tab2){ref-type="table"}), RBE-weighted dose with KURRI factors, and photon iso-effective dose with UMR-106 cell survival parameters (Table [1](#Tab1){ref-type="table"})

Discussion {#Sec11}
==========

As other types of radiotherapy, BNCT needs to take into account the radio-sensitivity of the tissues and organs involved in the irradiation. Fast neutron radiotherapy has been used to treat different types of sarcomas, such as soft tissue sarcomas and osteosarcomas \[[@CR37]--[@CR40]\]. Although the local control rate with this therapy was encouraging, the incidence of late complications was sometimes considered unacceptably high as reported in the cited papers. A trial for soft-tissue sarcoma was stopped because of severe complications in the treated patients, including early damage (erythema, mucositis, dry or moist desquamation developing within 3 months of commencement of irradiation) and late damage (fibrosis, telangiectasia or tissue necrosis) \[[@CR41]\]. Reported complications for sarcomas involved predominantly the skin and were related to the high neutron doses delivered and/or the large radiotherapy fields used. The presence of hot spots in dose distribution to the skin has been identified as a source of severe side effects. Compared to fast neutron therapy, BNCT has the potential to reduce the dose to the skin and to the other healthy tissues because, as mentioned before, its selectivity strongly depends on boron bio-distribution rather than on the neutron beam.

Indeed, in clinical BNCT dose is prescribed to the most sensitive organ at risk, considering that tumour receives a higher dose due to the differential boron uptake. From literature, certain levels of toxicity have been reported, along with the protocol to handle the adverse effects and the final results of the treatment. BNCT has been applied especially to brain and head and neck cancer, however, to make predictions about the possible toxicity that may derive from osteosarcoma BNCT, the relevant examples are BNCT of skin melanoma in Argentina, where limbs were irradiated at the RA-6 reactor with hyper-thermal neutrons \[[@CR42]\] and, of course, BNCT of skull osteosarcoma. In the first case, the organ at risk is the skin, thus it is a good reference also for limb osteosarcoma BNCT. The cited paper reports an acceptable toxicity, with 7 out of 10 evaluable areas showing a very mild erythema (G1) and 3 out of 10 moist desquamation and ulceration that in all the cases was solved with medical care and medication (30% toxicity grade 3). In particular, the most severe adverse effects were observed in the skin of the foot, an anatomic area that in case of osteosarcoma would be spared from irradiation. Also in the case of BNCT for skull osteosarcoma no radiation injury of the scalp was caused, the only adverse effect being hair loss in neutron field \[[@CR20]\]. This experience also gives information about possible effects in normal bone: in this case dose was limited to the normal brain, but thanks to the tumour-to-normal bone boron concentration ratio, the skull was not damaged. The other published experience of BNCT for tumours infiltrated in normal bone \[[@CR19]\] show that a severe side effect can be indeed produced to the normal bone: Case 5 reported in the cited paper had radio-osteonecrosis that required surgery. In the same paper, however, Case 2 who was treated for a maxillary osteosarcoma, showed no adverse effect in normal bone. These findings push further studies on boron distribution in normal bone in order to evaluate the dose in a more refined way for each patient. In this sense, more bio-distribution studies in animals and PET with F18-BPA will be the response in a single-patient based study.

A natural question arising is how the BNCT results obtained in this work can be compared with reported clinical radiation therapy in osteosarcoma. In literature, a number of protocols of osteosarcoma irradiation with photons is reported, ranging from conventional fractionated schemes to extremely high single photon doses delivered by intraoperative radiotherapy or extracorporeal irradiation. Shwartz et al., analysed the outcomes of irradiated patients in the Cooperative Osteosarcoma Study Group (COSS)-Registry, including 100 osteosarcoma patients that received radiotherapy for curative or for palliation intent \[[@CR43]\]. The dose distribution of the different fractionated protocols included in the analysis, were described as: dose for external RT was 55.8 Gy (30--120); for preoperative RT, 50 Gy (30--68); postoperative RT, 54 Gy (36--72); for RT without surgery, 56 Gy (30--75,6); for primary RT, 59.7 Gy (20--120); for local recurrence, 50.4 Gy (30--70); and for metastases, 45 Gy (30--66). The conclusions of this review were that a clear dose-response relationship could not be demonstrated. However, in the same work it is mentioned that Machak et al. \[[@CR44]\] and in a number of patients treated by Shwartz, long-term local control after fractionated doses of 60 Gy and chemotherapy could be demonstrated. Moreover, Gaitan-Yanguas et al. \[[@CR45]\] showed that there was no control below 30 Gy, and 100% control above 90 Gy. Based on these experiences, a possible starting point to compare BNCT single fraction dose with the mentioned protocols, is that a fractionated dose of at least 90 Gy would be necessary to achieve complete local control. A dose of 90 Gy in a 2 Gy/fraction scheme corresponds to a single dose of about 15 Gy using Linear Quadratic Model and the α~Ref~, β~Ref~ obtained for UMR-106 cell survival curve (Table [1](#Tab1){ref-type="table"}). Then, regardless of the formalism employed to calculate doses both in limb (Fig. [6](#Fig6){ref-type="fig"}) and in skull osteosarcoma (Fig. [7](#Fig7){ref-type="fig"}), the dose distributions obtained by BNCT would be potentially therapeutic to treat this disease.

Regarding the single fraction schemes, the reported delivered photon doses are quite variable. Aporchayanon et al. irradiated 21 osteosarcoma patients with bone auto-transplantation delivering 100 Gy \[[@CR9]\]; Mottard et al. delivered 70 or 90 Gy with the same technique \[[@CR46]\]. Both authors obtained excellent local control. In addition, intraoperative irradiation was carried out in some centres, using for example 10-20 Gy of photons in children and adolescents \[[@CR47]\], or 45-80 Gy of photons including also adult patients \[[@CR7]\]. Again, BNCT dose values calculated with both formalisms fall in this wide range of single photon doses, RBE-weighted doses being even higher.

In papers describing clinical radiotherapy of osteosarcoma, the main effects limiting the dose to be administrated to the limb are the pathologic bone fracture risk and the tolerance of major nerves and vessels. Unlike for photon therapy, BNCT dose distribution is selective for tumour, thus normal bone absorbs lower dose. In particular, for the analysed femur osteosarcoma, the mean absorbed dose in normal bone (100 cm^3^) is 15.4 Gy-Eq (minimum 11 Gy-Eq, maximum 18.7 Gy-Eq), a value considerably lower of the single dose administered in intraoperative or extracorporeal bone irradiation with photons.

Oya et al. report that in most intraoperative photon therapy for osteosarcomas in the extremities, the delivered dose was limited to 20 Gy in a single fraction to the tumour bed in order to spare major vessels, nerves, and surrounding soft tissue \[[@CR7]\]. Their dose escalation was possible because they excluded nerves and vessels from the irradiation field. Dose distribution obtained with BNCT in the neurovascular bundle falls between a minimum dose of 14 Gy-Eq and a maximum of 18 Gy-Eq, with a mean value of 16 Gy-Eq, calculated with an RBE of 2.5 and a CBE equal to 1.3, as assumed for the central nervous system in the treatment of the brain tumours. These values are safe according to the published tolerance dose of femoral arteries, that is as high as 30 Gy in single fraction \[[@CR48]\], and of peripheral nerve, that is 20 Gy for intraoperative radiotherapy \[[@CR49]\].

With the aim to understand if calculated doses in the femur case are potentially therapeutic, the dosimetry of the femur case was analysed in the light of the Japanese clinical case re-calculated in this work with the new osteosarcoma parameters and the iso-effective formalism. It can be seen that the maximum dose obtained in limb osteosarcoma using the accelerator (Table [4](#Tab4){ref-type="table"}) is as high as the maximum RBE-weighted doses calculated with the two sets of RBE/CBE factors in skull osteosarcoma. The same holds for the minimum dose in limb osteosarcoma (87 Gy-Eq) when compared to the minimum of KURRI (67.7 Gy-Eq) and to the one calculated with RBE/CBE from UMR-106 cell line (92 Gy-Eq). Note that while the minimum dose in limb is the absolute minimum value in the whole tumour volume, the minimum value in skull corresponds to the lowest dose in the central beam profile (at 5.8 cm from the patient surface). Therefore, given that the patient showed a very good local tumour control, these results support that the same outcome could be obtained in limb with the accelerator beam. The iso-effective dose profile shows values sensibly lower than RBE-weighted dose: maximum iso-effective dose in patient is about 37.8 Gy (IsoE), minimum in tumour along the profile is 31.5 Gy (IsoE). It is worth mentioning the tumour was reduced dramatically without radiation injury of the scalp, therefore the same outcome can be expected in the femur osteosarcoma case.Table 4Results of dose distribution in femur osteosarcoma with the two formalisms. Dose prescription: 22 Gy-Eq in skin, irradiation time: 47 minRBE-weighted dose (Gy-Eq)\
Mean \[Min-Max\]Iso-effective dose (Gy (IsoE))\
Mean \[Min-Max\]109.2 \[87.0 -118.4\]48.2 \[43.2 - 51.0\]

Conclusions {#Sec12}
===========

This work explores the feasibility of BNCT for osteosarcoma using a neutron beam from a proton accelerator, from the point of view of the dose distribution. A human parosteal osteosarcoma of the distal femur was used as an example to calculate treatment planning. Dose was calculated both using traditional formalism of RBE-weighted dose and the new formalism of photon iso-effective dose that proved to give robust results in BNCT of melanoma and cerebral tumours. For the first time, survival curves for photons, neutrons and BNCT were obtained for an osteosarcoma cell line, allowing the derivation of the RBE/CBE factors and of the parameters for the iso-effective dose in osteosarcoma. Moreover, boron concentration values were measured in vivo in a small animal model bearing this tumour.

The results show that the dose distribution obtained in femur osteosarcoma is potentially therapeutic if compared to the photon therapy protocols reported in literature and at least as good as the BNCT dose delivered to the radio-induced skull osteosarcoma in Japan. This supports the suitability of an accelerator-based neutron beam peaked between 1 and 10 keV for the treatment of deep-seated bone tumours.

Several authors explain that osteosarcoma is a radio-resistant tumour not because of the sensitivity of tumour cells to radiation, but rather due to factors such as hypoxia, reoxygenation, tumor size, repair and proliferation rate, that limit the effectiveness of photon therapy \[[@CR36], [@CR47]\]. In particular, tumour cell repair of sublethal radiation damages may play a role in the poor outcome of standard radiotherapy \[[@CR44]\]. These elements are much less crucial in the case of BNCT that is characterized by high-LET radiation with localized energy deposition inside tumour cells, and that may thus represent a more effective option to treat this disease.

The possibility to apply BNCT to osteosarcoma would allow a multimodal treatment consisting in neo-adjuvant chemotherapy, high-LET selective radiation treatment and a more conservative surgery followed by adjuvant chemotherapy.

Appendix {#Sec13}
========

Let *α* ~*R*~ and *β* ~*R*~ be the coefficients of the single fraction survival model for the photon reference radiation *S* ~*R*~, and let *G* ~*R*~(*θ*) denote the generalized Lea-Catcheside time factor for the irradiation time *θ* \[[@CR31]\]. Then, the assumed expression for *S* ~*R*~ is the generalized linear-quadratic model that accounts for dose rate dependent sublesion repair$$\documentclass[12pt]{minimal}
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Let the repair kinetics follow a bi-exponential decline with fast and slow characteristic repair times *t* ~0*f*~ and *t* ~0*s*~ independent of LET \[[@CR32]\]. Schmid et al. \[[@CR32]\] noticed that, while the fast and slow component have identical half-life values for different radiation qualities, apparent differences in the kinetics following high and low LET irradiation could completely be attributed to quantitative differences in their contributions, with the slow component being responsible for 47% of the repair after exposure to low LET radiation as compared to 80% after high LET radiation. Based on this approach, the expression for the Lea-Catcheside time factor is given by:$$\documentclass[12pt]{minimal}
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where *a* ~*Rf*~ and *a* ~*Rs*~ are the proportions of sublesions repaired by the fast and slow kinetics for radiation R (with *a* ~*Rf*~ + *a* ~*Rs*~ = 1), and$$\documentclass[12pt]{minimal}
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                \begin{document}$$ G\left(\theta, {t}_0\right)=\frac{2{t}_0}{\theta}\left(1-\frac{t_0}{\theta}\left(1-{e}^{-\frac{\theta }{t_0}}\right)\right) $$\end{document}$$is the time factor for simultaneous build up and repair of radiation damage, considering an irradiation at a constant dose rate. Note that for these irradiation conditions, the logarithm of the survival given by the generalized LQ model behaves linearly at high doses, approaching a constant slope as the dose increases. Therefore, in opposition to the simple LQ model, the assumed model adequately represents the high dose region, a fact of special importance in BNCT since the doses that are to be translated into single fraction photon doses are typically beyond the survival experimental data.

Following the results reported in \[[@CR32]\], the fast and slow characteristic repair times *t* ~0*f*~ and *t* ~0*s*~ and the proportions of the sublesions repaired by the two kinetics *a* ~*Rf*~ and *a* ~*Rs*~ for the reference low LET radiation were taken as 24/ln2 min and 14/ln2 h, and 0.53 and 0.47, respectively,

Let *D* ~1~ ,  ...  , *D* ~4~ be the four absorbed dose components of the mixed field BNCT radiation. The assumed survival model for this case *S*(*D* ~1~,  ... , *D* ~4~) takes into account synergistic interactions between the different radiations and it is expressed, as a function of the total absorbed dose $\documentclass[12pt]{minimal}
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                \begin{document}$$ {D}_T={\sum}_{i=1}^4{D}_i $$\end{document}$ and the relative contribution of each dose component *f* ~*i*~ = *D* ~*i*~/*D* ~*T*~, as$$\documentclass[12pt]{minimal}
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                \begin{document}$$ -\ln \left(S\left({D}_1,\dots, {D}_4\right)\right)=\left(\sum_{i=1}^4{\alpha}_i{f}_i+\sum_{i=1}^4\sum_{j=1}^4{G}_{ij}\left(\theta \right)\sqrt{\beta_i{\beta}_j}{f}_i{f}_j\right){D_T}^2, $$\end{document}$$where *α* ~*i*~ and *β* ~*i*~ are the coefficients of the single fraction generalized LQ model, and *G* ~*ij*~(*θ*) the time factor for a simultaneous mixed irradiation that accounts for the repair of pairs of sublesions produced by radiations *i* and *j* during the irradiation time *θ*.

If production of one of the sublesions does not affect the production of the other one, it can be shown that *G* ~*ij*~(*θ*) can be expressed as a sum of independent *G* factors, i.e., *G* ~*ij*~(*θ*) = *a* ~*i*~ *G* ~*i*~(*θ*) + *a* ~*j*~ *G* ~*j*~(*θ*), each one weighted by the relative proportion between components *a* ~*i*~ and *a* ~*j*~, with *a* ~*i*~ + *a* ~*j*~ = 1 \[[@CR18]\]. To compute expressions *G* ~*ij*~, the proportions of the sublesions repaired by the two kinetic *a* ~*if*~s and *a* ~*is*~ were taken as 0.57 and 0.43 for the low LET radiation (i.e., for *i* = 4), and 0.2 and 0.8, for the high LET radiations (i.e., for *i* = 1,2,3) \[[@CR32]\].
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